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Abstract
We consider the coupling to gravity in 4 + δ dimensions of a non
linear electroweak symmetry breaking sector, with δ compactified di-
mensions, and derive an effective lagrangian by integrating over the
KK excitations of the graviton and of the dilaton. The effective chiral
lagrangian describes the interactions of the electroweak gauge bosons
and the goldstone bosons from the electroweak breaking.
1
1 Introduction
There is been recently a growing interest in theories in 4+ δ dimensions with
δ compactified dimensions and an effective Planck scale MP l(4+δ) which can
be lower than the Planck scale [1, 2]. In these models gravity propagates in
4+ δ dimensions while strong and electroweak interactions are bounded on a
three dimensional brane. Experimental tests of gravity exclude an effective
Planck scale MP l(5) down to one TeV for δ = 1 and a recent experiment has
also put a limit MP l(6) ≥ 3.5 TeV for the case δ = 2 [3]. The phenomenology
of these scenarios has been largely studied [4, 5, 6], concentrating mainly on
the KK excitations of the gravitons [4, 5, 6] but also on KK excitations of
the dilatons [6, 7, 8]. If the gravity is brought down to one TeV scale then
there could be some intertwining between gravity and electroweak symmetry
breaking. A new mechanism of spontaneous symmetry breaking induced by
the Kaluza Klein (KK) excitations have been recently proposed [7]. The
phenomenological consequences of the graviscalar Higgs boson mixing have
been analysed [7, 8]. In this note we consider a non linear breaking of the
electroweak symmetry and derive an effective lagrangian by integrating over
the KK excitations of the graviton and of the dilaton. The effective chiral
lagrangian describes the interactions of the electroweak gauge bosons and
the goldstone bosons from the electroweak breaking.
The starting point of the model is the Einstein lagrangian in 4+ δ dimen-
sions [6, 4]
1
κˆ2
√
−gˆRˆ (1)
One first expands around the flat metric
gˆµˆνˆ = ηµˆνˆ + κˆhˆµˆνˆ +O(κˆ2) (2)
(µˆ, νˆ = 0, 1, 2, 3, · · · , 3 + δ) and then one performs a dimensional reduction
using the following ansatz for the metric
hˆµˆνˆ = V
−1/2
δ
(
hµν + ηµνφ Aµi
Aνj 2φij
)
(3)
with κˆV
−1/2
δ = κ ≡
√
16π/MP l, where MP l is the usual Planck mass for
three spatial dimensions and Vδ = L
δ (κˆ ∼ M−(δ/2+1)P l(4+δ) ) and φ = φii denotes
2
the dilaton mode. After compactification on a δ dimensional torus T δ one
expands the fields in Fourier modes h~nµν , A
~n
µi and φ
~n
ij.
The lagrangian for the massive ~n-KK states at the leading order in κˆ is
given by [6, 4]
L~n = 1
2
(
∂µh˜νρ,~n∂µh˜
−~n
νρ − ∂µh˜~n∂µh˜−~n − 2h˜µ,~nh˜−~nµ + 2h˜µ,~n∂µh˜−~n
−m2~nh˜µν,~nh˜−~nµν +m2~nh˜~nh˜−~n
)
+
n∑
i=1
(−1
2
F˜ µν,~ni F˜
−~n
µνi +m
2
~nA˜
µ,~n
i A˜
−~n
µi )
+
δ∑
(ij)=1
(∂µφ˜~nij∂µφ˜
−~n
ij −m2~nφ˜~nijφ˜−~nij ) (4)
where h˜~nρ = ∂
ν h˜~nνρ and
m2n =
4π2n2
L2
(5)
with n2 = ~n2, ~n = (n1, n2, . . . , nδ). For the definition of the fields h˜
~n
µν , A˜
~n
µi
and φ˜~nij in terms of h
~n
µν , A
~n
µi and φ
~n
ij see [6, 4].
The fields are subjected to the constraints
∂µA˜~nµi = 0, niA˜
~n
µi = 0 , niφ˜
~n
ij = 0 (6)
The total lagrangian L is obtained by summing L~n only over ~n values such
that the first non-zero nk is positive. We will denote this sum by
∑
~n>0 [7].
Matter fields leave in four dimensions and their action is given by∫
d4x
√
−gˆindL(gˆind, S, V, F ) (7)
for scalar (S), vector (V) and fermions (F). Expanding the metric (gˆind)µν =
ηµν + κ(hµν + ηµνφ), the order κ of eq.(7) is given by
− κ
2
∫
d4x(hµνTµν + φT
µ
µ ) (8)
where
Tµν = −ηµνL+ 2
(
∂L
∂gˆµν
)
gˆµν=ηµν
(9)
3
is the energy-momentum tensor.
The interactions of the massive ~n-KK states to the matter fields are given
by
L~nmix = −
κ
2
[(
h˜µν,~n + h˜µν,−~n
)
Tµν + ωδ
(
φ˜~n + φ˜−~n
)
T µµ
]
(10)
where
ωδ =
[
2
3(δ + 2)
]1/2
(11)
In conclusion we will consider the lagrangian
L =
∑
~n>0
[
L~n + L~nmix
]
(12)
Integrating out h˜~n, A˜~n and φ˜~n fields, one gets an effective lagrangian given
by [6, 4, 7]
Leff = κ
2
4
∑
all~n
D[T µνPµν;ρσT ρσ + ω
2
δ (δ − 1)
2
T µµ T
ν
ν ] (13)
where
D = 1
✷+m2n
(14)
and Pµν;ρσ in the momentum space is
Pµν;ρσ =
1
2
(gµρgνσ + gµσgνρ − gµνgρσ)
− 1
2m2n
(gµρkνkσ + gµσkνkρ + (µ→ ν)
+
1
6
(gµν +
2
m2n
kµkν)(gρσ +
2
m2n
kρkσ) (15)
The integration over the fields A˜~n is trivial, because these fields decouple. By
using in the effective action the conservation of Tµν (or the classical equations
of motion), one can rewrite Leff as
L′eff =
κ2
4
∑
all~n
D
(
T µνTµν −
1
3
T µµ T
ν
ν +
ω2δ (δ − 1)
2
T µµ T
ν
ν
)
(16)
4
The sum κ
2
4
∑
all~nD is ultraviolet divergent for δ ≥ 2. Different procedures
of regularization have been suggested [4, 6]. For instance using an ultraviolet
cutoff MS one gets, for MS >>
√
s, [6]
κ2
4
∑
all~n
D = κ
2
2
∑
~n>0
D ∼ 1
2M4S(δ − 2)
+O(s/M2S) for δ > 2 (17)
κ2
4
∑
all~n
D = κ
2
2
∑
~n>0
D ∼ 1
4M4S
log
M2S
s
+O(s/M2S) for δ = 2 (18)
2 Coupling to scalars
For a general complex scalar field Φ, we have the following energy-momentum
tensor
T Sµν = −ηµνDρΦ†DρΦ + ηµνV (Φ†Φ) +DµΦ†DνΦ +DνΦ†DµΦ (19)
where the gauge covariant derivative is defined as
Dµ = ∂µ + igA
a
µT
a (20)
with g the gauge coupling, Aaµ the gauge fields, T
a the Lie algebra generators
and V (Φ†Φ) is the potential.
If we are interested in the non linear breaking of the SU(2)× U(1) sym-
metry it is usual to work with the matrix
M =
√
2
(
ϕ0 −ϕ∗−
ϕ− ϕ
∗
0
)
=
√
2 (Φ,−iσ2Φ∗) (21)
if Φ denotes the SM Higgs doublet. The description of the non linear breaking
is obtained with the condition M †M = v2, v2 = 1/(
√
2GF ) and therefore it
is more convenient to introduce a unitary matrix U , such that M = vU . By
requiring a custodial SU(2) the effective scalar field lagrangian at the lowest
order is then written as [9]
L = v
2
4
gσρtr(D
σU †DρU)− 1
2
gµνgρσtr(W
µρWνσ)− 1
2
gµνgρσtr(Y
µρYνσ)
+ O(p4) (22)
5
where Dµ denotes the SU(2)× U(1) covariant derivative
DµU = (∂µ +
i
2
gW aµτ
a)U − i
2
g′UYµτ
3 (23)
and
Wµν =
τi
2
(∂µW
i
ν − ∂νW iµ − gǫijkW jµW kν ) (24)
Yµν =
τ3
2
(∂µYν − ∂νYµ) (25)
Notice that the nonlinear realization of the scalar field excludes terms of the
type RΦ†Φ [8], R being the scalar curvature.
The energy momentum tensor, using eqs.(9) and (22), can be expressed
as
Tµν = T
S
µν + T
G
µν (26)
where
T Sµν = −ηµν
v2
4
tr[(DρU)
†DρU ]
+
v2
4
{
tr[(DµU)
†DνU ] + tr[(DνU)
†DµU ]
}
(27)
is the contribution from the scalar field lagrangian and
TGµν =
1
2
ηµν [tr(W
ρσWρσ) + tr(Y
ρσYρσ)]
− 2[tr(WµρW ρν ) + tr(YµρY ρν )] (28)
is the contribution from the gauge field kinetic term lagrangian. Notice that
(TG)µµ = 0.
3 Effective lagrangian
By using the eqs.(16) and (26) one finds the following expression for the
effective lagrangian
L = L0 + LKK (29)
where L0 is given in eq.(22),
LKK = LS + LG (30)
6
with
LS = κ
2v4
8
∑
~n>0
D
[
(tr[DµU
†DνU ])
2
+ (−1
3
+ ω2δ
δ − 1
2
)tr(DρU
†DρU)2
]
+
κ2
2
∑
~n>0
D
[v2
2
tr(DρU
†DρU)[tr(WµνWµν) + tr(Y
µνYµν)]
− 2v2tr[DµU †DνU ][tr(WµρW ρν ) + tr(YµρY ρν )]
]
(31)
and
LG = −κ
2
2
∑
~n>0
D[(tr(WµνWµν))2 + (tr(YµνYµν))2
+ 2tr(WµνWµν)tr(Y
µνYµν)]
+ 2κ2
∑
~n>0
D[tr(WµρW ρν )tr(WµρWνρ)
+ tr(YµρY
ρ
ν )tr(Y
µ
ρY
νρ)
+ 2tr(WµρW
ρ
ν )tr(Y
µ
ρY
νρ)] (32)
where now
∑
~n>0D is given by the expansions in eqs. (17,18). LKK is the
term coming from integrating the KK excitations of the graviton and of the
dilaton. LS contains terms of dimension four and six, while LG contains
dimension eight operators. These contributions from KK excitations will
add to other terms in eq.(22) of order O(p4) and higher order in principle
already existing. For simplicity we have neglected these terms.
Let us now consider the standard parametrization for SU(2)L × SU(2)R
invariant Lagrangian up to the order p4,
L′ = v
2
4
tr(DρU
†DρU)
+ α4[tr(DµU
†DνU)]
2
+ α5[tr(DρU
†DρU)]2 (33)
Assuming δ > 2 one has has
αKK4 =
LKK2
16π2
=
κ2v4
8
∑
~n>0
D = v
4
2M4S(δ − 2)
(34)
7
αKK5 =
LKK1
16π2
=
κ2v4
8
∑
~n>0
D
(
−1
3
+ ω2δ
δ − 1
2
)
= − 1
δ + 2
κ2v4
8
∑
~n>0
D
= − 1
δ2 − 4
v4
2M4S
(35)
Here we have also introduced the alternative parameterization [11].
The dimension six remaining terms have been also considered [12]. These
contain anomalous fourlinear and higher order gauge couplings and WW
goldstone boson vertices. In the list of possible operators of [12] these corre-
spond to kw0 , k
w
c , k
b
0, k
b
c terms and contribute to WWγγ, WWZγ and ZZZγ
vertices
kw0
Λ2
g2tr(WµνW
µν)tr(V αVα) +
kwc
Λ2
g2tr(WµνW
µα)tr(V νVα)
+
kb0
Λ2
g′2tr(YµνY
µν)tr(V αVα) +
kbc
Λ2
g′2tr(YµνY
µα)tr(V νVα) (36)
with
Vα = (DαU)U
† (37)
Since
tr(V νVα) = −tr[(DνU)†(DαU)] (38)
one has
kw0
Λ2
g2 = −κ
2v2
4
∑
~n>0
D = − v
2
4M4S(δ − 2)
kwc = −4kw0 (39)
and
kb0
Λ2
g′2 = −κ
2v2
4
∑
~n>0
D = − v
2
4M4S(δ − 2)
kbc = −4kb0 (40)
In principle these can be studied at LEP2 and future linear colliders with
the processes
• e+e− →W+W−γ
• e+e− → Zγγ
• e+e− → ZZγ
8
Present limits from LEP2 are kw,b0,c /Λ
2 ∼ 10−2−10−3 GeV −2 [13] and increase
to kw,b0,c /Λ
2 ∼ 10−5 GeV −2 at a linear collider with √s = 500 GeV and an
integrated luminosity of L = 500 fb−1 [12]. Similar bounds are obtained at
LHC by studying the processes pp → γγW ∗(→ lν) and pp → γγZ∗(→ ll)
[14]. However assuming
κ2
∑
~n>0
D ∼ 1
M4S
(41)
andMS ∼ 1 TeV the expected value of these anomalous couplings is of order
kw,b0,c /Λ
2 ∼ 10−7−10−8 GeV −2. This turns out much smaller than the possible
reaches of LHC and LC with
√
s = 500 GeV .
The α4 and α5 terms contribute to WW scattering with strength which
assuming MS ∼ 1 TeV are O(10−3); therefore they are at the border of the
regions which can be be tested at LHC with L = 100 fb−1 and at a LC
with
√
s = 1.8 TeV and L = 200 fb−1 [15] (see also [16] for reviews on
future measurements of electroweak symmetry breaking effective lagrangian
parameters).
The dimension eight operators give additional contribution to WW scat-
tering and furthermore contain a γ4 coupling which can be studied at γγ
collider. For instance at a γγ option of a
√
s = 500 GeV LC one can test
MS ∼ 4 TeV [17]; at a
√
s = 1 TeV LC with L = 200 fb−1 one can test
masses MS ∼ 3 TeV studying e+e− → γγe+e− [18].
References
[1] For some recent literature, see for instance: I. Antoniadis, Phys. Lett.
B246 (1990) 377; P. Horava and E. Witten, Nucl. Phys. B475 94 (1996)
E. Witten, Nucl. Phys. B471 (1996) 135; J.D. Lykken, Phys. Rev. D54
(1996) 3693.
[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett.B429 (1998)
263; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali,
Phys. Lett. B436 (1998) 257; N. Arkani-Hamed, S. Dimopoulos and
G. Dvali, Phys. Rev. D59 (1999) 086004; K.R. Dienes, E. Dudas and
T. Gherghetta Phys. Lett. B43(1998) 55.
[3] C. D. Hoyle et al, hep-ph/0011014
9
[4] G.F. Giudice, R. Rattazzi and J.D. Wells, Nucl. Phys. B544 (1999) 3.
[5] E. A. Mirabelli, M. Perelstein and M. E. Peskin, Phys. Rev. Lett. 82
(1999) 2236.
[6] T. Han, J.D. Lykken, R.-J. Zhang, Phys. Rev. D59 (1999) 105006.
[7] B. Grzadkowski and J.F. Gunion, Phys.Lett. B473 (2000) 50.
[8] G.F. Giudice, R. Rattazzi and J.D. Wells, hep-ph/002178.
[9] T. Appelquist and C. Bernard, Phys. Rev. D22 (1980) 200.
[10] T. Appelquist and G.H. Wu, Phys. Rev. D48 (1993) 3235.
[11] J. Gasser and H. Leutwyler, Ann. Phys. 158 (1984)142; Nucl. Phys.
B250 (1985) 465.
[12] G. Be´langer, F. Boudjema, Y. Kurihara, D. Peret-Gallix, and A. Se-
menov, Eur. Phys. J. C 13 (2000) 283; W. J. Stirling and A. Werthen-
bach, Eur.Phys.J. C14 (2000) 103.
[13] A. Gurtu, Talk given at the XXXth International Conference on High
Energy Physics, July 27 - August 2, 2000, Osaka, Japan.
[14] O. J. P. Eboli, M. C. Gonzalez-Garcia, S. M. Lietti and S. F. Novaes,
hep-ph/0009262.
[15] E. Boos, H.J. He, W. Kilian, A. Pukhov, C.P. Yuan, P.M. Zerwas,
Phys.Rev. D57 (1998) 1553.
[16] Hong-Jian He, Yu-Ping Kuang, C. P. Yuan, Lectures given at CCAST
Workshop on Physics at TeV Energy Scale, Beijing, China, 15-26 July
1996, hep-ph/9704276; T.Han, in Proceedings of the Worldwide Study
on Physics and Experiments with Future Linear e+e− Colliders, Sitges,
Barcelona, Eds. E. Ferna´ndez and A. Pacheco, Univ. Aut. de Barcelona,
Servei de Publicacions, Bellaterra 2000.
[17] For a recent review see K. Cheung, hep-ph/0003306.
[18] D. Atwood, S. Bar-Shalom and A. Soni, hep-ph/9906400.
10
